Previous studies have demonstrated roles for de novo production of sphingolipids in Saccharomyces cerevisiae in the regulation of the transient cell cycle arrest and nutrient permease degradation associated with the heat stress response, suggesting multiple functions for yeast sphingolipids in this response. We, therefore, sought to determine the generalized involvement of sphingolipids in the heat stress response by using microarray hybridization of RNA isolated from heat stressed cultures of the mutant strain lcb1-100, which is unable to produce sphingolipids in response to heat. Approximately 70 genes showed differential regulation during the first 15 minutes of heat stress in the lcb1-100 strain compared to the wild type strain, indicating a requirement for de novo sphingolipid biosynthesis for proper regulation of these genes during heat stress. Grouping these genes into functional categories revealed several pathways including some in which sphingolipids were previously suspected to play a role, such as stress response pathways and cell cycle regulation. Hierarchical clustering analysis revealed sphingolipid involvement in regulation of tRNA synthesis and metabolic genes and transporters. Additionally, the microarray results demonstrated novel sphingolipid involvement in transcriptional regulation of pathways of translation and cell wall organization and biogenesis.
INTRODUCTION
Extensive research on the heat stress response (HSR) 1 in Saccharomyces cerevisiae has revealed several pathways that are significantly altered in response to heat stress, such as pathways of carbohydrate metabolism, expression of chaperonins, cell cycle progression, and ubiquitinmediated protein degradation (reviewed in (1, 2) ). These adaptive changes occur rapidly in response to heat and are mediated both by post-translational enzyme modifications (e.g., phosphorylation and dephosphorylation) and transcriptional induction and/or repression (1, 3) .
Though many of these changes are recognized as HSR subprograms, the mechanisms connecting a cell's detection of elevated temperature to these downstream changes in transcription remain largely undetermined.
With the advent of genomic technology, yeast stress responses were among the first experimental targets (4, 5) . These earlier studies demonstrated the full complement of gene regulatory events that take place during many types of stress. Specific microarray experiments aimed at detecting changes in transcript levels during heat stress revealed that nearly 1500 of the total 6000 yeast genes are regulated by heat, and the regulation of some of these genes is consistent with findings of earlier studies of yeast heat stress, such as the induction of transcription of genes encoding heat shock proteins (5) .
Previous studies have additionally demonstrated that a key feature of the HSR in
Saccharamyces cerevisiae is the acute upregulation of de novo sphingolipid biosynthesis (6) (7) (8) .
furthermore, underscores the fundamental importance of these pathways in eukaryotic cell biology.
The first and rate-limiting step of sphingolipid biosynthesis, the generation of a sphingoid base from palmitoyl CoA and serine, is catalyzed by serine palmitoyltransferase. In yeast, this enzyme is composed of two subunits, Lcb1p and Lcb2p, which are both necessary for activity (12) . Yeast strains without serine palmitoyltransferase activity are not viable; thus, the isolation of a temperature-sensitive mutant, lcb1-100, provided a critical tool for the study of sphingolipid function in yeast, particularly with respect to heat stress (13) . Thus, while under normal laboratory conditions, sphingolipid metabolism is similar in wild type (wt) and the lcb1-100 strain, upon heat stress, this mutation blocks de novo sphingolipid biosynthesis (14) .
Consequently, this strain is an ideal tool for the dissection of the role(s) of sphingolipids in the HSR
In order to obtain a more complete view of sphingolipid involvement in the heat stress response and to identify sphingolipid-dependent HSR events, we evaluated gene expression over a time course of heat stress in wild type yeast and the lcb1-100 strain. Our results indicate that sphingolipid production broadly influences the expression of genes involved in diverse cellular pathways including regulation of translation machinery, amino acid metabolism, and cycle control. Furthermore, though microarrays have been used extensively to document stress responses in yeast, we demonstrate the use of microarray technology combined with yeast molecular genetics to specifically dissect the sphingolipid dependent pathways and events of the HSR.
EXPERIMENTAL PROCEDURES
Yeast Strains. Laboratory strain RH406 (MATa leu2 trp1 ura3 bar1) and the lcb1-100 mutant (MATa leu2 trp1 ura3 bar1 lcb1 temperature sensitive) were a generous gift from Dr. Howard
Riezman.
Heat Stress and RNA preparation. Cultures were seeded at low density and grown at 30°C to mid log phase (O.D. 600 =0.5-0.7). Cultures were then transferred to 39°C for the appropriate times, cells were centrifuged at 500xg at 4°C and pellets were rinsed one time in ice-cold sterile water. Total RNA was isolated using the Qiagen RNeasy kit (Valencia, CA) and the enzymatic lysis protocol according to manufacturer's instructions.
Microarray Procedures. Sample preparation for microarray hybridization was carried out essentially as described in the Affymetrix Expression Analysis Technical Manual. In brief, isolated total RNA was subjected to reverse transcription using the Superscript Choice system (Gibco BRL, Carlsbad, CA), and the derived double-stranded cDNA was purified using phaselock gel columns (Eppendorf, Hamburg) followed by ethanol precipitation or the cDNA clean up columns provided by Affymetrix (Santa Clara, CA). The purified cDNA was then subjected to in vitro transcription using biotinylated ribonucleotides in the BioArray TM HighYield TM RNA Transcript Labeling Kit (Enzo Diagnostics, Farmingdale, NY). The biotinylated transcript was purified using the RNEasy mini kit (Qiagen, Valencia, CA) and then fragmented using 0.2M
Tris-acetate pH 8.1 containing 0.5M potassium acetate and 0.15M magnesium acetate.
Fragmentation was confirmed by agarose gel electrophoresis using ethidium bromide for visualization. Samples were then hybridized to the YG-S98 yeast genome chip (Affymetrix, Santa Clara, CA), stained with strepdavidin-phycoerythrin and washed in the Affymetrix
Fluidics Station exactly as indicated in the Affymetrix Expression Analysis Technical Manual.
RESULTS AND DISCUSSION
Heat stress in yeast leads to transcriptional regulation of genes involved in many biochemical pathways including those of carbohydrate metabolism, protein folding, and protein degradation. At time points early in heat stress (15-60 minutes), a dramatic increase of sphingolipids is observed, with sphingoid bases and their phosphates increasing first, followed by increases in ceramide (6, 8, 14) . Mutants deficient in sphingolipid biosynthesis are also deficient in several aspects of the heat stress response, including cell cycle arrest (14) and ubiquitin mediated protein degradation (15) . Furthermore, treatment of yeast cells with exogenous sphingolipids induces cell cycle arrest and ubiquitin-mediated protein degradation (16, 17) as well as STRE-dependent transcription (18) . These observations are consistent with the hypothesis that sphingolipids generated de novo in response to heat lead to downstream events mediating changes in gene regulation. In order to develop this hypothesis, we used microarrays to investigate sphingolipid-dependent gene regulation.
Due to a temperature-sensitive mutation in the LCB1 gene, which encodes a subunit of serine palmitoyltranferase, the yeast strain lcb1-100 does not demonstrate heat-induced de novo sphingolipid biosynthesis (14) . By using gene chip data to compare the transcriptional response to heat of the lcb1-100 mutant strain with its wild type background strain, RH406, we were able to identify transcriptional responses to heat that require heat-induced sphingolipid biosynthesis.
Most transcriptional adaptation to heat during the HSR in yeast takes place within one hour of transfer of log-phase yeast cultures from normal to elevated temperature (5). Cultures of lcb1-100 yeast and their background strain, RH406, were grown to mid-log phase at 30°C and then aliquots were transferred to 39°C for 15, 30, or 60 minutes. One aliquot was not transferred and served as a control. RNA was isolated from these samples and subjected to microarray hybridization and analysis as described in Methods. The chip used for hybridization (YB-S98, Affymetrix, CA) contained probes directed toward every known ORF in the yeast genome.
Analysis of Early Gene Regulation Events.
Previous studies have demonstrated that upon heat stress, the acute synthesis of sphingoid bases (C18 and C20 dihydrosphingosine and phytosphingosine) proceeds early, with peak levels reached by 15 minutes (6, 8) . Significant production of phytoceramides via N-acylation of sphingoid bases occurs only after 20-60 minutes (6, 8, 14, 18) . It is likely that synthesis of complex sphingolipids from phytoceramides occurs at even later time points. We initially chose to focus our studies on the early time point of heat stress, 15 minutes, as those gene regulatory events are likely to depend specifically and directly on the initial generation of sphingoid bases and less on downstream metabolic products, including phytoceramides, or secondary transcriptional events.
The dataset of all genes regulated in response to heat in the wild type strain was obtained by performing a comparative analysis of all differences between the chip hybridized to RNA isolated from non-heat stressed cells and the chip hybridized to RNA isolated form cells stressed for the various time periods. A similar analysis was then performed on RNA isolated from the lcb1-100 mutant. In a second level of analysis, the two datasets were compared, i.e., heat regulated genes in the wt vs. heat regulated genes in the lcb1-100 strain. The differences were then tabulated such that any gene that changed in the wild type strain after heat stress but was significantly differently regulated in the lcb1-100 mutant in each of two independent experiments was considered. The heat stress, RNA isolation, and microarray hybridizations were performed twice for the 0 and 15 minute time points, and only genes which showed similar change calls in the MAS 5.0 software in both experiments were considered for further analysis.
A total of 70 genes demonstrated significantly altered regulation in the lcb1-100 in response to heat, based on the following criteria: 1) a change call from the Microarray Suite program of 'increase' or 'decrease' in wt and 2) at least two-fold difference in change ratio between the lcb1-100 and the wt strain. The change ratio is the ratio of the expression signal at 15 minutes to the control (i.e., 0 minutes). This system isolated genes falling in one of the following two categories: 1, genes induced in wt but either not changed, repressed, or showing highly muted induction (at least two-fold less) in the mutant; and 2, genes repressed in wt but either not changed, induced or showing highly muted repression (at least two-fold less) in the wt.
To be included in the set of aberrantly regulated genes, reproducibility with respect to signals from each of two independent experiments as well as the relationship between mutant and wt expression changes with heat stress must be observed. Out of the 70 genes with altered regulation in the lcb1-100 strain, 29 displayed either an absolute failure to induce, or, more often, much milder induction than that observed in the RH406 wt strain ( Categorization into groups based on cellular function demonstrated that a variety of cell functions depend on sphingolipid biosynthesis for heat adaptation, including regulation of message for metabolic enzymes, proteins involved in cell cycle control, amino acid metabolism, and protein synthesis ( Figure 1 ). Though microarray studies have been utilized to investigate heat-induced gene regulation in yeast (4, 5) , the breadth of transcriptional reprogramming in response to heat has not been specifically addressed. Indeed, the roles of many of these pathways in adaptation to heat remain to be investigated.
A number of pathways for which genes were misregulated in the lcb1-100 strain are pathways in which previous studies have already demonstrated sphingolipid involvement. In most of these cases, very little mechanistic information is known. In addition to pathways with known sphingolipid involvement, the results demonstrate novel roles for sphingolipids in pathways for which there is no previous knowledge of sphingolipid involvement.
Amino acid metabolism. In yeast, heat stress signals the ubiquitin-mediated degradation of several nutrient permeases (17) . Previous work has demonstrated that heat-induced degradation of nutrient permeases is dependent on sphingolipid biosynthesis in response to heat, and furthermore, that in the absence of heat, exogenously applied sphingoid bases inhibit amino acid import, induce degradation of the uracil permease Fur4p and the general permease Gap1p, and that this activity is dependent upon ubiquitylation (15, 17) . Interestingly, the microarray results indicate a lack of induction of the gene encoding ubiquitin, UBI4, in the lcb1-100 in response to heat stress (Table 2) . Furthermore, there is also aberrant regulation of IRA2, a RAS-interacting protein implicated in the regulation of non-ubiquitin mediated protein degradation (19) . These findings may suggest mechanisms for sphingoid base-mediated protein degradation.
Furthermore, the regulation of this activity by sphingoid bases may lead to the failed gene regulation observed in the lcb1-100 of many genes involved in amino acid biosynthesis and degradation ( Figure 1 , Tables 1 and 2 ).
Several genes of amino acid biosynthesis showed failure to be repressed upon heat stress in the lcb1-100 mutant strain, including GDH1 (glutamate biosynthesis), LEU2 (leucine biosynthesis) ( Table 1) . Coordinated with failed repression of amino acid biosynthesis is a failed induction of amino acid catabolic genes including CAR1 and CAR2, which encode enzymes of arginine catabolism (20)( Table 1) . CAR1 is induced by arginine and participates in arginine catabolism (21) , and has been demonstrated to be regulated simultaneously but in the opposite way as amino acid anabolic genes (22) with the result of shifting metabolic emphasis away from amino acid biosynthesis and toward amino acid degradation in response to nitrogen starvation (22) . The current data also demonstrate the failed repression in the lcb1-100 mutant of ARG1 and LYS2, which are involved in arginine and lysine biosynthesis, respectively.
These microarray data showing aberrant regulation of amino acid anabolic and catabolic pathways suggest that broad shifts in metabolic emphasis in the cell in response to heat at least partly depend on sphingolipid production. The misregulation of components of these pathways in the lcb1-100 mutant may be related to the lack of nutrient permease degradation in the absence of sphingolipid biosynthesis and subsequent absence of the starvation signal associated with heat stress.
Regulation of stress responsive genes. Previous studies have demonstrated that, though
sphingoid bases can induce various components of stress responses (8, 14) , it has been reported that sphingoid bases do not induce the major heat shock proteins such as HSP104, HSP90s, HSP70s, HSP48, and HSP26 (18) . Interestingly, the microarray results indicated that several stress-responsive genes are partially dependent on sphingolipid generation for their induction, including the HSP70 chaperonin SSA4 and two proteins involved in responses to osmotic stress, HOR2 and SIP18 ( Figure 1 , Table 2 ).
Also of interest was the observation that no genes in the sphingolipid biosynthetic pathway were regulated at the message level in the wt or lcb1-100 in response to heat stress.
This indicates that stress-induced acute de novo sphingolipid synthesis does not require transcriptional control of enzymes of sphingolipid metabolism, which is consistent with the very acute response of sphingolipids to the heat stress response. It may also be concluded that activation of the de novo pathway does not involve feedback changes in enzymes of sphingolipid metabolism at the transcriptional level.
Cell cycle control. Accumulation of sphingoid bases has been demonstrated to lead to cell cycle arrest in several eukaryotic cell types (14, 23) . Furthermore, the transient cell cycle arrest associated with heat stress in S. cerevisiae was shown to depend on generation of sphingolipids (14) . This cell cycle arrest can be overcome by overexpression of a proteolysis-resistant G 1 cyclin CLN3 (14); however, the mechanism of heat-induced cell cycle arrest and its dependence on sphingolipids remain poorly explored. The microarray study demonstrated that transcript levels of CLN1, CLN2, and CLN3 are regulated similarly in the wt and lcb1-100 strains during heat stress (not shown). This is not surprising, as transcriptional regulation of G 1 cyclins is not thought to mediate cell cycle progression, rather the degradation of the proteins (24, 25) .
However, other cell-cycle regulatory genes were affected as described below and in Tables 1 and   2 .
Anaphase promoting complex. The AMA1 gene was shown to depend on sphingolipid synthesis for its induction after 15 minutes of heat stress. Though AMA1 is induced nearly three fold in wt cells, its induction is muted in the lcb1-100 strain. AMA1 is a regulatory component of the anaphase promoting complex (APC), a ubiquitin-protein ligase complex involved in transition from M phase to G 1 by way of mitotic cyclin ubiquitylation (26, 27) . The APC also has been shown to regulate sister chromatid segregation and several other mitotic processes (reviewed in (27) , and, furthermore, it has been suggested that the APC is required during G 1
arrest to prevent accumulation of B-type cyclins and uncoordinated entry into S-phase (26) . It is known that regulation of this complex occurs by a variety of mechanisms, including abundance of activator proteins such as AMA1 (26, 27) . AMA1 is also known to play roles in meiotic processes . Thus, sphingolipids may contribute to regulation of AMA1 transcription of in response to heat stress .
B-type cyclins. Other cell-cycle related genes with aberrant regulation in the lcb1-100 mutant included the B-type cyclin CLB3 (Table 1) . Furthermore, this failed repression was maintained after 30 minutes of heat stress (not shown). CLB3 has been shown to interact with the APC to regulate the degradation of CLB2 by this proteolytic complex, and thus, play a key role in regulation of cell cycle progression (28) .
The disorganization of APC regulation coupled with aberrant regulation of mitotic cyclins suggests a role for sphingolipids in regulating the M-G1 transition. The consequences of heat-induced regulation of these cell cycle control genes remain unknown.
Interestingly, among genes involved in cell cycle regulation, the G 1 cyclin PCL1 showed the highest average change ratio, which indicates the degree of difference in regulation between the wt and mutant. Pcl1p interacts with Pho85p, a transcription factor involved in phosphate homeostasis, and has been demonstrated to play a role in cell integrity response pathways (29, 30) . Whereas this gene is repressed to 0.02 fold of its control expression level in the wt, the repression is only ~0.3 fold in the lcb1-100 strain (Table 1) , indicating a dependence on sphingolipids for full repression of this gene. The consequences of failed PCL1 repression remain unknown, but may either result from or contribute to aberrant heat-induced cell cycle regulation.
Novel routes of sphingolipid involvement in the HSR. Though the pathways and cellular functions described above are known to require sphingolipids in some manner, we have also identified several cellular processes which are affected by the lack of sphingolipid production in the lcb1-100 mutant including regulation of protein synthetic machinery, and several genes playing roles in cell wall organization and biogenesis. These novel sphingolipid-dependent gene regulatory events are of particular interest, as is sphingolipid involvement in these processes.
Protein synthesis. Indeed, the largest category of misregulated genes at the 15 minute time point is those genes involved in translation (14% of aberrantly regulated genes, Figure 1 , Table   1 ). Several ribosomal proteins failed to be repressed in response to heat, and also several genes of RNA processing and modification including POP8 and DIP2 showed sphingolipid-dependent repression in response to heat stress. This correlates with major aberrancy in tRNA regulation (discussed below). These data support a direct or indirect role for sphingolipids in a heatinduced repression of translation machinery.
Cell wall organization and biogenesis. Several genes involved in modification of the cell wall showed aberrant regulation in response to heat stress, including ECM18, ECM40, and FIG2 (Tables 1 and 2 ). The yeast complex sphingolipids inositol phosphoceramide, mannosylinositolphosphoceramide (MIPC), and mannosyl-(inositol phosphate) 2 -ceramide are known to comprise around 30% of the yeast cell membrane phospholipids. Furthermore, a mutant in the S.
pombe IPCase, CSS1 , has a severe defect in cell wall formation (31) . It was demonstrated that CSS1 coordinates cell wall synthesis to cell growth in S. pombe. On the other hand, a deletion mutant of the S. cerevisiae CSS1 homolog, ISC1, was not observed to have a similar phenotype (32) . Further investigation will be required to understand to what extent gene regulation by sphingolipids affects cell wall organization in S. cerevisiae.
Of particular interest was the finding that MCD4 depends on de novo sphingolipid synthesis for its regulation in response to heat (Table 1) . MCD4 also influences cell wall organization (33) . Interestingly, the protein encoded by this gene was recently discovered to be required for the synthesis of GPI-anchors (34) , and previous studies have demonstrated the requirement for sphingolipids for the transport of GPI-anchored proteins in yeast (35) . Thus, transcriptional regulation of MCD4 may be one link between sphingolipids and protein transport.
Hierarchical Clustering.
Though preliminary analysis focusing on gene regulation at 15 minutes of heat stress revealed several gene categories demonstrating dependence on de novo sphingolipid synthesis, hierarchical clustering of data obtained over a time course was used to determine the subset of genes depending on sphingolipid biosynthesis over a time course, including formation of downstream products including phytoceramides and complex sphingolipids. Furthermore, as there remains significant variability in the literature regarding the most sound method for microarray data analysis (36,37), we utilized two approaches, i.e., change calls from MAS 5.0 software, as described above, and probe selection utilizing only probe set signals, to avoid any bias introduced by using only one method of probe selection.
Probe set selection. The selection of genes differentially expressed between the lcb1-100 mutant and the wt strain was performed according to two joint criteria: a.) the signal log ratio should be sufficiently reliable, and b.) the mutant expression should be sufficiently different from the reference expression. The first criterion, signal log ratio value reliability, is specific to It is important to note that this tandem method of probe selection is more stringent than the method of using MAS 5.0 change calls and signal log ratios (as described above), as the latter method yielded 70 genes and took into account only the 15 minute time point (Tables 1 and 2 , Figure 4) . Thus, many genes which belong to the subset of differentially expressed genes as defined by MAS as described above do not appear in the subset of differentially expressed genes as defined by the tandem method taking into account signal p-value as well as the Hotelling's T 2 statistic.
Clustering and ontological analysis of selected probe sets. The final set of 206 probe sets, each with expression ratio values at each of the 4 time points, was then subjected to cluster analysis as described in Methods ( Figure 3A) . The signal log ratios of mutant to wild type expression for each probe set are represented in the figure such that lower expression in the lcb1-100 mutant corresponds to a gradient of red, and higher expression in the lcb1-100 mutant corresponds to a gradient of green. The clustering algorithm groups genes together based on similarities in relative expression patterns over the time course. The utility of this method lies in the hypothesis that genes involved in similar pathways or processes will be similarly regulated.
Gene names and/or ORF numbers for their corresponding probe sets were retrieved using the Netaffx web tool on the Affymetrix website (www. Affymetrix.com).
Out of 206 probe sets, 174 corresponded to known ORFs of Saccharomyces cerevisiae
as reported in the Stanford Genome Database. The annotated gene ontology terms from the GO database were retrieved for each ORF for molecular function, biological process, and cellular component (localization). The AmiGO web based tool (http://www.godatabase.org/cgibin/go.cgi) was used to query the relationships among the occurring classifying terms in the gene ontology directed graph. This application outputs a tree scheme that includes all the nodes in the directed graph that correspond to the queried terms. By visual inspection of this scheme, terms that occurred under the same branch were associated. The greater the number of times two terms occurred under the same branch, the stronger the association would be. This differentiated association enabled an ordering and grouping of the terms. The terms were then ordered and a color scheme was defined to encode them ( Figure 3, B-D) . Therefore, similarity in color corresponds to similarity in classification. To aid in the visual inspection of ontological consistency of expression patterns, the various color-coded ontological classifications were included with the dendrogram of the expression levels ( Figure 3A) . In this way it is possible to check visually if the results of the hierarchical clustering, representing similar regulation, are in agreement with some similarity in function, process, or localization.
Findings from clustering analysis. The most outstanding observation from the clustering analysis is the coordinated aberrant regulation of many tRNA genes in the lcb1-100 in response to heat stress ( Figure 3A ). In addition to protein encoding ORFs, the Affymetrix oligonucleotide array used in this study contains probe sets directed toward untranslated RNA species such as tRNAs, snRNAs, and rRNAs. The current data indicate that there is regulation of tRNA transcript levels in response to heat, and that this regulation depends upon sphingolipid production. This may reflect an overall downregulation of protein synthesis upon heat stress, and a later restoration of cell components of protein synthesis machinery to baseline levels.
Though factors regulating tRNA levels in yeast remain to be determined, tRNA transcript levels vary with culture growth phase and depend on several RNA polIII-specific transcription factors including TFCIII (39). There have also been reports of specific RNA polIII genes being regulated by the NHP6 HMG chromatin remodeling factors (40, 41) . Further studies are required to determine the influence of TFCIII and/or NHP6 transcription factors in the regulation of tRNA transcription after heat stress, however, one of these routes or a novel route of tRNA regulation may require sphingolipid synthesis for appropriate execution.
Another major cluster observed is the group of genes falling between 80 and 100 ( Figure   3A ). These genes, in general, have similar baseline expression levels between the two strains, however, upon heat stress, expression levels are significantly less in the lcb1-100 strain and this effect becomes increasingly pronounced over the time course ( Figure 3A) . Though the GO analysis seems to show few ontological similarities between members of this cluster (Figure 3 A-D), closer inspection indicates that a number of these genes are involved in various facets of carbohydrate metabolism, including sugar transport (HXT1), and carbon metabolism (GCV2,
SHM2).
Interestingly, previous studies have demonstrated interconnected regulatory relationships between one-carbon metabolism, glutamine, and purine metabolism (42, 43) . This is supported by our results, as several enzymes involved in folate, purine, glutamine, glycine, and one-carbon metabolism show similarly aberrant regulation in the lcb1-100 mutant, including Another cluster emerging from our analysis is in genes numbered 140 to 180. In general, these genes have similar baseline expression levels, but are repressed in the wt strain in response to heat, and are not repressed in the lcb1-100 strain, lending a higher signal value over the time course for the lcb1-100 strain ( Figure 3A ). This cluster includes many genes of carbohydrate metabolism including sugar transporters (HXT2, HXT5, and JEN1), as well as several carbohydrate biosynthetic genes including GSY1, SUC2, and SUC4.
Of interest is that many of the genes in this cluster, including SUC2, HXT2, HXT5, and Comparison with MAS 5.0 analysis. There was little overlap between the genes isolated by the MAS5.0 analysis and our tandem analysis. This is not surprising, as the former method was implemented to identify genes robustly different in the first 15 minutes of heat stress, whereas the latter method was implemented to find the most different genes over the entire time course and to identify relationships between these most different genes. There were, however, several overlapping genes, indicating that these genes were both robustly dependent on sphingoid base synthesis for early induction and also displayed highly differential regulation over the entire time course. These genes are CHA1, several of the tRNA genes, ENP1, POP8, TOS4, RIM4, and several as yet unannotated ORFs including YGR243W, YOR186W, and
YER097W.
For further study of the mechanisms of sphingolipid-mediated gene regulation, these genes may become useful experimental targets, as they are strong candidates for robust sphingolipid-dependence.
Verification by Northern Blotting. In order to identify genes robustly dependent on sphingolipid generation for their regulation for the purpose of eventually investigating regulatory mechanisms of these genes, Northern blotting was performed on several genes identified by the microarray studies as dependent on sphingolipids for their regulation during heeat stress. Microarray results, analyzed using both the 15 minute and full time course analysis, revealed that CHA1 is another gene whose heat-induced expression depends on sphingolipids (Table 1) . CHA1 is a serine/threonine deaminase involved in degradation of serine and threonine to be utilized as nitrogen sources and is strongly induced by either serine or threonine (50, 51) .
The microarray data indicated that CHA1 is intensely and acutely induced in the wt under heat stress and showed absolutely no induction in the lcb1-100. Figure 4A demonstrates that the mRNA detected by northern blot for CHA1 is quite consistent with the microarray data. Thus, sphingolipids appear to be necessary for appropriate execution of a signaling pathway regulating CHA1, probably through its transcription factors.
In contrast to the sphingolipid-dependent induction of CHA1, sphingolipid production is required for appropriate repression of message for the sugar transporter HXT2 ( Figure 4A ).
Northern blotting with an HXT2 specific probe revealed that, while HXT2 is constitutively expressed, heat stress causes a decrease in message. In the lcb1-100, the HXT2 gene is not repressed to the same degree as in wt cells, indicating sphingolipid involvement in either the repression of HXT2 or its message stability.
Showing a similar regulatory pattern as HXT2 is the lysine biosynthetic gene LYS2.
Interestingly, LYS2 is constitutively expressed in wt cells and message decreases with heat stress, and then reappears by 60 minutes ( Figure 4A ). This entire process seems to be sphingolipid dependent, as no regulation of LYS2 message levels is apparent in the lcb1-100 over the time course. The observed sphingolipid dependence of gene induction in CHA1, repression of HXT2, and transient repression of LYS2 indicates that sphingolipid production during heat stress facilitates a variety of gene regulatory mechanisms.
AMA1 is a gene known to be regulated as part of meiotic pathways (29), and has not been previously described as heat stress regulated. A search of available microarray data using the Saccharomyces cerevisiae global microarray viewer (accessed from the Stanford database)
showed that in previous microarray studies of heat stress, AMA1 is upregulated. Our microarray results were consistent with these findings (Table I) , however, to confirm both the upregulation of this meiotic gene as well as its dependence on sphingolipids, northern blotting and densitometry analysis were performed. As shown in Figure 4b , AMA1 message is increased in the RH406 wt strain after 15 minutes of heat stress, however, no increase is observed in the lcb1-100 strain. Densitometry analysis revealed that there was a slight decrease in message level for AMA1 in response to heat stress in the lcb1-100 strain, though the significance of this finding is not known. Thus, AMA1 appears to be regulated in response to heat stress, though the role of this gene in heat stress is not known.
Genes showing robust sphingolipid dependence such as CHA1, AMA1, and HXT2
provide an excellent opportunity to investigate sphingolipid-dependent mechanisms of gene regulation; such studies are ongoing.
CONCLUDING REMARKS
Specific roles for sphingolipids in regulation of specific responses of the HSR of S.
cerevisiae have been recently studied (8, 14, 15, 18) , and data obtained in these studies have demonstrated that sphingolipids are critical for the overall response. These findings led us to utilize a global approach to identify the potentially broad affects of sphingolipid biosynthesis on the heat stress response. Thus, we used a microarray approach as a powerful tool to identify sphingolipid-dependent transcriptional events of the HSR. By analyzing gene expression in response to heat in a wt strain and the mutant strain lcb1-100, which does not generate sphingolipids in response to heat stress, several genes were identified whose induction or repression during the HSR is sphingolipid dependent. The data shed light on the mechanisms of sphingolipid actions in cellular processes such as cell cycle control and metabolic adaptation to heat stress and also uncovered new roles for sphingolipids in pathways including protein synthesis and tRNA regulation.
Microarray technology has been only fairly recently developed, and thus, a consensus has yet to be reached on the most appropriate method of data analysis. Indeed, though publication of microarray-based manuscripts continues to increase, data analysis methods vary widely, and several previous studies have indicated that experimental findings may differ significantly with different analysis methods (36, 37) . To partially address this issue, we utilized two analysis methods, the MAS 5.0 change calls and signal log ratios, and the tandem selection of differentially expressed genes having both a high Hotelling's T 2 value and a low signal log ratio p-value. Importantly, though the two datasets generated different results, several major categories of genes were identified by both methods, indicating a non-dependence on analysis method and thus, a higher probability of being predictably sphingolipid-dependent. These categories include tRNAs, genes involved in nutrient transport, and many metabolic enzymes including those performing various steps of carbohydrate, amino acid and nucleic acid metabolism. These categories are likely robustly dependent on sphingolipid biosynthesis for heat-induced regulation, as they were identified by both analysis methods. The advantage to using two methods of data analysis are,1) bias resulting from using only one analysis method is avoided, 2) by using one stringent (tandem selection) and one non-stringent (MAS 5.0) procedure, we obtained an estimation of the possible range of data and thus a more representative picture of the true involvement of sphingolipids in the heat stress response, and 3), while the method reliant on MAS 5.0 easily allows evaluation of data from a single time point, the tandem method allows easily for evaluation of the total time course, and thus, for clustering analysis.
Previous studies had demonstrated the regulation of STRE-containing promoters by exogenously added dihydrosphingosine (18) . A significant negative finding to emerge from this study relates to the absence of major defects in genes with STRE element mediated transcriptional regulation. Indeed, the results of this study indicate that STRE-dependent transcription does not depend on sphingoid base production. Specifically, the STRE-containing promoter of the TPS2 gene was demonstrated to be activated by exongeous sphingoid bases, (18) however, we observed no aberrant regulation of the STRE-containing gene TPS2. This discrepancy may be due to the use in that study of very high concentrations of exogenous sphingoid bases (50µM), which may in itself be a stress on cells and therefore mediate induction of these genes.
Coupling genomic technology with molecular genetics (i.e., cell lines or strains deficient in one or more enzymes or regulatory proteins) is a useful strategy for determining roles for those proteins in various situations, thus allowing for the dissection of cellular pathways. We have utilized microarrays for two primary purposes, 1) to obtain an overall picture of sphingolipid-dependent gene regulatory events during the yeast HSR, and 2) as a screen for genes with complete dependence on sphingolipid biosynthesis for regulation during heat stress.
Conventional methods (e.g., systematic promoter deletion studies) will be used to investigate mechanisms for regulation of these genes, and this strategy should provide insight into upstream HSR signaling events that are sphingolipid-dependent. For example, regulation of expression of CHA1 is dependent on the transcription factor Cha4p and the chromatin remodeling, high mobility group (HMG) factors NHP6A and NHP6B, which cause displacement of a nucleosome from the TATA box and transcription start site of CHA1 (50) (51) (52) . Earlier work suggests that NHP6 -mediated chromatin remodeling is downstream from and Slk1p/MAPK pathway and that this pathway is downstream of protein kinase C (53) . Notably, as discussed above, some RNA polymerase III transcription has also been shown to depend on these factors and thus, this may be a key area of future investigation into mechanisms of sphingolipid-mediated transcriptional
regulation.
An issue remaining to be addressed is the involvement of specific sphingolipid species in mediating these responses. By utilizing a mutant in the initial step of sphingolipid biosynthesis we have obtained information about all sphingolipid-dependent transcriptional events. These pathways, however, may require distinct sphingolipid species such as sphingoid base phosphates or phytoceramides. To address this issue, microarray studies in mutants of downstream sphingolipid metabolic enzymes such as sphingoid base kinases, can be used to distinguish the subset of sphingolipid-dependent events which are dependent on sphingoid base phosphates from those events dependent on sphingoid bases and/or ceramide. Combined, these approaches should continue to yield valuable information as to the full extent of sphingolipid regulation of the yeast HSR. in the lower right quadrant defined by the blue lines. Along the axes, the marginal probability density functions for the p-values of probes with unclear ORF assignment (red) and for the T a higher probability of being inaccurately measured, and the probability density function for the probes assigned to ORFs appears to be compounded of two distinct distributions. 
